Recent studies have shown that activated aryl hydrocarbon receptor (AHR) induced the recruitment of estrogen receptor-a (ERa) to AHR-regulated genes and that AHR is recruited to ERa-regulated genes. However, these findings were limited to a small number of well-characterized AHR-or ERa-responsive genes with little knowledge of what was occurring at other genomic regions. In this study, we showed using chromatin immunoprecipitation followed by hybridization to promoter focused microarrays (ChIP-chip) that 2,3,7,8-tetrachlorodibenzop-dioxin treatment significantly increased the overlap of genomic regions bound by both AHR and ERa. Conventional and sequential ChIPs confirmed the recruitment of AHR and ERa to many of the identified regions. Transcription factor binding site analysis revealed an overrepresentation of aryl hydrocarbon receptor response elements in regions bound by both AHR and ERa, suggesting that AHR was the important factor determining the recruitment of ERa to these regions. RNA interferencemediated knockdown of AHR confirmed its requirement for the recruitment of ERa to some, but not all, of the shared regions. Our findings demonstrate not only that dioxin induces the recruitment of ERa to AHR target genes but also that AHR is recruited to estrogen-responsive regions in a gene-specific manner, suggesting that AHR utilizes both of these mechanisms to modulate estrogendependent signaling.
Estrogen receptor-a (ERa) and estrogen receptor-b (ERb) (gene symbols ESR1 and ESR2) play important roles in a number of biological functions including the reproductive tract, the skeletal-immune system, and the central nervous system . Disruption of estrogen receptor (ER) signaling pathways can have devastating physiological, developmental, and pathological outcomes (McLachlan et al., 2006) . A number of environmental contaminants are known or suspected to adversely affect ER function either through direct binding to the receptor or by the activation of other receptor pathways that modulate ER activity, in what is widely referred to as receptor crosstalk . Dioxins are persistent environmental contaminants that adversely affect estrogen action. The prototypical dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin) inhibits ER activity through its binding and activation of the aryl hydrocarbon receptor (AHR) .
The AHR and ERs are ligand-activated transcription factors and members of the basic helix-loop-helix/PAS (Per-ARNTSim where Per=Period; ARNT=aryl hydrocarbon nuclear translocator; Sim=Single-minded)-family and nuclear receptor superfamily, respectively. AHR binds a wide range of endogenous and xenobiotic compounds (Denison and Nagy, 2003; Safe, 1993) . In the absence of ligand, the AHR is located in the cytoplasm bound to a multichaperone protein complex (Petrulis and Perdew, 2002) . Upon ligand binding, the AHR translocates into the nucleus, heterodimerizes with aryl hydrocarbon nuclear translocator (ARNT) and binds to specific DNA sequences termed aryl hydrocarbon receptor response elements (AHREs). The activated AHR/ARNT heterodimer recruits coregulators leading to changes in target gene expression, including cytochrome P4501A1 (CYP1A1) and CYP1B1 (Hankinson, 1995; Nebert et al., 2004) .
Estrogen action is mediated by binding to ERa and ERb Nilsson and Gustafsson, 2000; Nilsson et al., 2001) . Ligand binding results in homodimerization followed by binding to specific DNA sequences termed estrogen-responsive elements (EREs) located in the proximal and distal regulatory regions of their target genes (Nilsson and Gustafsson, 2000) . ERs can also interact with other transcription factors through protein-protein interactions to modulate gene expression utilizing a protein tethering pathway (Paech et al., 1997) . Once bound to DNA, either directly via EREs or through tethering to other transcription factors, ERs recruit additional accessory proteins known as coregulators resulting in changes in gene expression (Nilsson and Gustafsson, 2000) .
Crosstalk has been observed between AHR and a number of different signaling pathways (Puga et al., 2002; Tan et al., 2004; Tian et al., 2002) , but its antiestrogenic effects are perhaps the most well documented Safe and Wormke, 2003) . The precise molecular mechanism of AHR/ERa crosstalk remains elusive and is thought to be through a combination of several different pathways Ohtake et al., 2007; Safe and Wormke, 2003) . Moreover, many wellcharacterized TCDD-responsive and AHR-regulated genes such as CYP1A1, CYP1B1, and TCDD-inducible poly-ADPribose polymerase (TiPARP) have also been reported to be estrogen responsive in immortalized human breast cancer cells (Frasor et al., 2004; Tsuchiya et al., 2004) , suggesting that AHR and ERs regulate the expression of many of the same genes.
AHR-mediated transcription has only been intensively studied on a small number of endogenous target promoters, with the majority of the data coming from AHR-mediated regulation of CYP1A1 (Hankinson, 1995; Whitlock, 1999) . Expression-based microarrays have identified hundreds of genes potentially regulated by AHR (Puga et al., 2000) . However, these studies do not identify direct genomic targets of AHR but rather messenger RNA (mRNA) transcripts that can be directly or indirectly regulated by AHR.
Recent genome-wide analyses using chromatin immunoprecipitation (ChIP) in combination with DNA microarrays (chip; ChIP-chip) or DNA sequencing (ChIP-Seq) have provided new insight into the whole-genome binding patterns of ERs in cell lines and tissues (Carroll et al., 2005 (Carroll et al., , 2006 Laganiere et al., 2005; Lin et al., 2007; Liu et al., 2008) . These studies identified new genomic targets for ER and caused a reevaluation of the mechanisms of ER-mediated transcription that considers the role of distal enhancer elements in the regulation of ER target genes.
Previous studies from our laboratory showed that activation of AHR induced the recruitment of ERa to well-characterized AHR-regulated genes, CYP1A1 and CYP1B1, in an AHR ligand-dependent manner (Matthews et al., 2005 . However, it is unclear whether this recruitment is limited to CYP1A1 and CYP1B1 or whether AHR ligands induce ERa recruitment to other AHR-regulated genes. To address this, we investigated TCDD-induced occupancy of ERa and AHR to a comprehensive set of human promoters, using ChIP-chip. Our data show that the number of regions bound by both AHR and ERa were significantly increased after TCDD treatment and that RNA interference (RNAi)-mediated knockdown of AHR reduced the TCDD-dependent occupancy of ERa to some but not all of the co-occupied regions.
MATERIALS AND METHODS
Chemicals. Antibodies used for ChIP experiments include; ERa, HC-20 and AHR, H-211 (Santa Cruz Biotechnology, Santa Cruz, CA). Primary antibodies used for Western blots were ERa, and AHR, Plymouth Meeting, PA) . TCDD was purchased from Accustandard (New Haven, CT) and dimethyl sulfoxide (DMSO) was purchased from Sigma (St Louis, MO). Cell culture media, fetal bovine serum (FBS), and trypsin were all purchased from Invitrogen (Carlsbad, CA). All other chemicals and biochemicals were of the highest quality available from commercial vendors.
ChIP-chip experiments. T-47D human breast carcinoma cells were cultured in 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and F12 Ham's nutrient mixture medium supplemented with 10% (vol/vol) FBS and 1% penicillin/streptomycin. Cells were maintained at 37°C and 5% CO 2 . T-47D cells were subcultured every 2-3 days or when they reached 80-90% confluency. For the ChIP-chip studies, T-47D cells were seeded in 10-cm dishes in 1:1 mixture of DMEM:F12 supplemented with 10% (vol/vol) FBS and 1% penicillin/streptomycin. After 48 h, cells were treated with either 10nM TCDD or DMSO (final concentration 0.1%) for 1 h and the ChIP assay was performed as described previously (Matthews et al., 2005) . For re-chip experiments, the first antibody-bound protein-chromatin complexes were released by incubation with 50mM of dithiothreitol/1% SDS for 1 h at 37°C. The supernatant was collected and diluted 403. Two micrograms of the second antibody was added to the supernatant and rotated for 2 h at room temperature. For chip experiments done in dextran-coated charcoal (DCC) (Sigma)-stripped serum, T-47D cells were seeded in 10-cm dishes using 1:1 mixture of DMEM:F12 phenol red free supplemented with 5% (vol/vol) of stripped serum and 1% penicillin/streptomycin. After 72 h, cells were treated with either DMSO (final concentration 0.1%) or 10nM TCDD and ChIPs were performed as previously described (Matthews et al., 2005) . Immunoprecipitated DNA from 10-cm dish per antibody was linearly amplified using a random hexamer linear amplification protocol with primer A: GTTTCCCAGTCACGGTC(N) 9 and primer B: GTTTCCCAGTCACGGTC according the manufacturer's instructions (Affymetrix, Santa Clara, CA). Linearly amplified DNA (7.5 lg) was fragmented by limited DNAseI digestion and hybridized to Affymetrix human promoter tiling arrays 1.0R (Affymetrix). Hybridization and washing steps were performed according to the manufacturer's protocol by The Centre for Applied Genomics at the Hospital for Sick Children (Toronto, Canada). Data were normalized and analyzed using CisGenome (Ji et al., 2008) . Enriched peaks at a false detection rate of 0.2 were determined by comparing triplicate samples of AHR TCDD and ERa TCDD to triplicate IgG TCDD using TileMap v2 by a moving average approach using default settings (Ji and Wong, 2005) . Regions were merged if the gap between them was < 300 bp, and the number of probes failing to reach the cutoff was < 5. Regions were discarded if they were < 120 bp or did not contain at least five continuous probes above the cutoff. Quantitative real-time PCR (Q-PCR) primers used to amplify the regions of interest and mRNA target gene sequences are provided in Supplementary Tables 1 and 2 Overlap of regions and closest gene definition. We first clustered the ChIP regions that overlapped between experiments and merged regions between experiments that overlapped with > 50% of the width of the smallest region. We then labeled each region with the gene symbol of the closest transcript, regardless of strand, using the all_mRNA and unigene annotation from the UCSC Genome Browser (Karolchik et al., 2008) . Note that this can potentially give multiple regions per gene. In most cases, this assignment was trivial since the tiling array was focused on promoter regions, but there are cases of miss-annotation. Therefore, we excluded gene-region pairs that were further away than 10 kb.
Transcription factor binding site searching and heat map visualization. Transcription factor binding site (TFBS) prediction has been reviewed previously (Wasserman and Sandelin, 2004) . We searched for potential TFBSs using the motif models from the JASPAR database (Bryne et al., 2008) and the ASAP framework as previously described . We counted all hits that scored above a threshold t, set to 85% of the total scoring range for a given model as described previously (Wasserman and Sandelin, 2004) . We then performed two types of overrepresentation tests, one using a background and one comparing differences among the three data sets (inter-set test). To deal with the different lengths of DIOXIN INCREASES AHR AND ERA INTERACTION 255 the sets, we used two different strategies. When comparing to background, we constructed a specific background similar in length and position to the set it was compared to. Specifically, these were constructed using the transcription start sites (TSSs) of 10,000 transcripts sampled randomly from Ensembl (Flicek et al., 2008) . In order to avoid bias caused by proximity to genes (for instance higher CG content), we sampled the background sequence relative to the TSS of this transcript based on empirically observed distributions of distances (to the closest TSS) and region lengths for each set. We then counted the number of sequences that had at least one subsequence that scored above the threshold (t). For the inter-set test, we used simulations to achieve Z scores as described in . By using this matrix of Z values, we clustered the transcription factor models (rows) and the data sets (columns) with a hierarchical clustering method. The Z value was transformed into a color and presented in a heat map. A trace was added to make it easier to distinguish similar colors. The heatmap.2 function in the R gplots() package (Ihaka and Gentleman, 1996) was used to draw the heat map. To focus only on the most strongly overrepresented and underrepresented patterns, we filtered out any pattern that did not have an overrepresentation or underrepresentation of at least 3 SD.
RNA isolation and real-time PCR. T-47D cells were seeded in six-well plates and grown in a 1:1 mixture of DMEM and F12 Ham's nutrient mixture. Cells were treated with either 10nM TCDD or DMSO for 1.5, 3, 6, or 24 h. RNA was isolated using RNeasy spin columns (Qiagen, Valencia, CA) and reverse transcribed as previously described . Briefly, 0.5 lg of RNA was reverse transcribed using Superscript II, and Q-PCR was performed using 1 ll complementary DNA and SYBR Green (Bio-Rad, Hercules, CA). All target gene transcripts were normalized to ribosomal 18s RNA content, and fold inductions were calculated using time-matched DMSO samples.
Western blot. Proteins were resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane in 25mM Tris base (pH 8.3) containing 19.2nM glycine and 20% (vol/vol) methanol. The membrane was blocked in 2% (wt/vol) ECL-Advanced blocking agent for 1 h at room temperature with constant rocking and then incubated with 1:5000 anti-ERa (HC-20) or 1:5000 anti-AHR (SA-210) overnight at 4°C with constant rocking. The membrane was then washed three times in PBS/0.1% Tween20 and incubated with 1:200,000 horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody for 1 h at room temperature with constant rocking. For detection of b-actin, a 1:500,000 dilution of primary mouse anti-b-actin antibody (Sigma) was incubated for 2 h at room temperature, followed by a 1-h washing with PBS/0.1% Tween20 prior to incubation with 1:200,000 HRP-conjugated anti-mouse secondary antibody for 1 h at room temperature. After washing, the bands were visualized using ECL-Advanced chemiluminescent substrate according to the manufacturer's instructions (GE Healthcare, Piscataway, NJ).
Transient transfection and small interfering RNA. AHR (L-004990-00-0020) and ERa (L-003401-00-0020) ON-TARGETplus SMART pool small interfering RNA (siRNA) and DharmaFECT1 transfection reagent were purchased from Dharmacon (Lafayette, CO). Briefly, T-47D cells were seeded 300,000 per well in a six-well plate containing 2 ml of medium. After 24 h, 2lM of siRNA against AHR (L-004990-00-0020), ERa (L-003401-00-0020), or nontargeting pool (NTP) (D-0011810-10-20) (Dharmacon) were transfected using 4 ll of DharmaFECT and 400 ll Opti-MEM. ChIP assays, mRNA isolation, and whole-cell extracts were prepared 48 h after transfection.
RESULTS

Defining AHR-and ERa-Bound Regions Isolated by ChIP-chip
In order to determine if AHR-induced recruitment of ERa occurs at all or just a subset of AHR target genes, we performed ChIP-chip assays on T-47D human breast cancer cells grown for 48 h in 10% FBS-containing medium prior to 1-h treatment with 10nM TCDD or solvent control DMSO. We used AHR-and ERa-specific antibodies for ChIP and isolated precipitated chromatin as previously described (Matthews et al., 2005) . Isolated and linearly amplified DNA was hybridized to Affymetrix Human promoter tiling 1.0R microarrays. We performed three biological replicates, and data were normalized and analyzed as described in the ''Materials and Methods'' section. This analysis resulted in the identification of 412 regions bound by AHR TCDD (Supplementary Table 3 ) and 364 regions bound by ERa TCDD (Supplementary Table 4 ). The genomic coordinates for these data sets are provided in Supplementary data. AHR and ERa regions are referred to as AHR_number and ERa_number where the number indicates the relative rank of the region within each of the respective analyses. Since the enriched regions were determined by comparing AHR-or ERa-bound regions to IgG, these regions may or may not be dependent on TCDD treatment.
Overlap Between AHR-and ERa-Bound Regions and Putative Target Genes
As described above, we merged regions that overlapped between the ERa and the AHR data sets (see ''Materials and Methods'' section) resulting in a total of 110 regions that were bound by both ERa and AHR. We will refer to these subsets of regions as the intersect set, AHR-only set and ERa-only set. A Venn diagram illustrating the relation among these sets is shown in Figure 1A .
We then investigated putative target genes for the identified regions by determining the gene with the closest TSS on any strand (see ''Materials and Methods'' section). In this process, we noted that several known AHR target genes, CYP1A1 and CYP1B1, as well as known ERa target genes cyclin G2 (CCNG2), ERa (ESR1), gene regulated in breast cancer 1 (GREB1), and carbonic anhydrase XII (CA12) were identified in both the AHR TCDD and the ERa TCDD data sets. Since each of the isolated regions could be labeled with a target gene, we also assessed the overlap between the experiments in terms of target genes. This type of analysis is not the same as simply considering enriched regions since many ChIP regions may be located in the upstream regulatory region of a single gene (Fig. 1B) . Interestingly, in~97% of cases (96/99) where a gene was targeted by both ERa and AHR, the two regions in question also overlapped.
The annotated function of the target genes (Gene Ontology terms) in the respective sets was not significantly different when comparing the sets to one another, although compared to a general background (all genes) some differences were observed (see Supplementary data and Supplementary Table 5 ).
Validation of ChIP-chip Regions Using Conventional ChIP
To validate the enriched regions identified by ChIP-chip, conventional ChIPs were performed on a subset of 26 256 AHMED ET AL.
identified regions using qPCR. The regions were chosen to cover a range of enrichment values but also included regions near a select number of known AHR-and ERa-regulated genes. All 26 regions verified the recruitment of AHR and ERa (or lack thereof) from the ChIP-chip study with the level of enrichment varying among the regions. The results shown in Figure 2A reveal a strong ligand-dependent recruitment of AHR to a subset of the total identified AHR-bound regions. For the most part, there was weak binding of AHR to the tested regions in the absence of TCDD. In agreement with other studies, AHR occupied the CYP1B1 (AHR_10) upstream regulatory region in the absence of TCDD when compared to IgG (Yang et al., 2008) . Significant ligand-independent AHR occupancy was also observed at the upstream regulatory regions of synaptotagmin XII (SYT12, AHR_4), transmembrane protein 30A (TMEM30a, AHR_3), pregnancy-specific beta-1-glycoprotein 9 (PSG9, AHR_51), and gene amplified in breast cancer 1 (GREB1, AHR_252). AHR has been reported to exist simultaneously in the nucleus and cytoplasm in human breast cancer cells , which might explain the occupancy of AHR at these regions in the absence of TCDD. The highest ranked region bound by AHR was also bound by ERa and mapped to a sequence~100 kb downstream of the TiPARP (AHR_1) transcriptional start site, suggesting that this gene might be regulated by a distal 3# enhancer. A 3# enhancer has also been reported to regulate the CYP1A2 (Okino et al., 2007) . We also identified a number of novel AHR-bound sites upstream of prospero homeobox 1 (PROX1, AHR_326), Forkhead box N4 (FOXN4, AHR_35), homeobox 10 (HOXC10, AHR_63), sortilin-related receptor (SORL1, AHR_14), inositol 1,4,5-triphosphate receptor, type 1 (ITPR1, AHR_43) genes.
There was good agreement between the ChIP-chip regions and the confirmation of TCDD-induced ERa recruitment to shared regions in the intersect group. In contrast to the AHR confirmation data ( Fig. 2A) , promoter occupancy of ERa in DMSO samples was observed at a number of analyzed regions. This was due to the fact that cells were cultured in 10% FBS and not DCC-treated or steroid-reduced serum, which is required to observe robust estrogen-dependent responses in breast cancer cell lines. However, steroid deprivation is not necessary to observe robust TCDD-dependent activation of AHR transcription (Hankinson, 1995) . The occupancy of ERa at the promoter regions of the well-characterized ER target genes GREB1 and ESR1 was consistent with previously published ChIP-chip studies (Carroll et al., 2006; Kwon et al., 2007; Laganiere et al., 2005) .
TCDD-dependent recruitment of ERa was observed to a number of regions including those upstream of RAS-like, estrogen-regulated growth inhibitor (RERG, ERa_22), CCNG2 (ERa_100), CYP1B1 (ERa_107), and synaptotagmin XII (SYT12, ERa_4). TCDD also induced recruitment of AHR to known estrogen-responsive genes including GREB1 (AHR_252), RERG (AHR_18), CCNG2 (AHR_37), and ESR1 (AHR_204). These findings indicate not only that AHR influenced the recruitment of ERa to AHR-regulated genes but also that AHR is recruited to genomic regions occupied by ERa where the binding of ERa is independent of AHR activation. We observed three false negatives in that our ChIP-chip experiment failed to detect recruitment of ERa to CYP1A1 (AHR_111), transducin (beta)-like 1 X-linked receptor 1 (TBL1XR1; AHR_48), and Janus kinase 1 (JAK1; AHR_102), but ERa binding to these regions was detected by conventional ChIP. This may have been due to the thresholds applied in the ChIP-chip experiments. Sequential ChIPs were done on a subset of six regions in the intersect set (bound by (Fig. 2B) .
Chromatin Binding and Correlation With Gene Expression of TCDD-Responsive Genes
We were then interested to determine if the binding of AHR and/or ERa to genomic regions resulted in changes in mRNA levels of the closest genes that map to the isolated genomic fragments. We treated T-47D cells with 10nM TCDD for 1.5, 3, 6, and 24 h, isolated RNA, and determined changes in mRNA levels using qPCR. A subset of the examined genes is shown in Figure 3 . We observed that mRNA expression of the predicted target genes displayed TCDD-dependent increases, decreases, or no change at the time points examined. Temporal ChIP analysis of AHR binding following treatment with 3-methylcholanthrene or TCDD every 30 min from 0 to 4.5 h revealed
FIG. 2. TCDD-induced recruitment of both AHR and ERa to ChIP-chip identified regions. (A) Quantification of AHR and ERa binding was determined as
fold induction above IgG DMSO and is expressed as the mean of three independent replicates. Regions were chosen to cover a range of enrichment values and included a select number of sites near AHR and ERa target genes. N.D. refers to regions that were not detected in the ERa ChIP-chip experiment. T-47D cells were treated with 10nM TCDD for 1 h. ChIP assays were performed with the indicated antibodies, and the immunoprecipitated DNA was measured by quantitative PCR using primers targeting regions isolated in the ChIP-chip study. (B) T-47D cells were treated with 10nM TCDD for 1 h. Sequential ChIPs were performed with the indicated antibodies. Immunoprecipitated DNA was measured by quantitative PCR using primers targeting regions isolated in the ChIP-chip study. Quantification of binding was determined as fold induction above IgG DMSO. Each error bar represents the SE of the mean of three independent replicates. Asterisks indicate statistically significant differences (p < 0.05) compared with IgG DMSO control samples.
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an oscillatory recruitment pattern of both AHR and ERa that correlated well with the oscillatory mRNA expression pattern of the genes examined (Pansoy and Matthews, in preparation). A table summarizing the mRNA changes for the closest genes corresponding to the confirmed ChIP-chip regions is provided in Supplementary Table 6 . As expected, TCDD increased the mRNA expression levels of CYP1A1 and CYP1B1. We also observed TCDD-dependent increases in CCNG2, PROX-1, and ITPR1 mRNA expression levels (Fig. 3) . In support of the antiestrogenic action of TCDD, the estrogen-responsive genes GREB1 and ESR1 were both inhibited by TCDD treatment but quickly rebounded at the later time points.
TFBS Analysis of the ChIP Regions
We then investigated the density of putative TFBSs in the AHRonly, intersect, and ERa-only regions and calculated overrepresentation or underrepresentation of TFBSs compared to either a sampled promoter background (Fig. 4A ) or among sets (Fig. 4B) . In the first type of analysis, we obtained an ''absolute'' measure of overrepresentation, where one factor can be overrepresented in all sites, while in the second type of analysis, we determined the different binding sites among the different data sets.
We measured the overrepresentation as a Z score statistic and visualized which TFBSs were significantly overrepresented and underrepresented by hierarchically clustered heat maps as in , where the rows are the JASPAR database (Bryne et al., 2008) TFBSs and the columns are the ChIP sets. As expected, when compared to a generic promoter sequence background, the ERa-only set had a strong overrepresentation of the ERE pattern represented by the ESR1 JASPAR model, whereas the AHRE pattern, represented by the Arnt-Ahr JASPAR model, was overrepresented in all sets but most evident in the intersect set (Fig. 4A ). This was also consistent when assessing overrepresentation between sets (Fig. 4B) . In that analysis, the intersect set was strongly enriched in AHREs (Arnt-Ahr JASPAR model) when compared to the AHR TCDD or the ERa TCDD sets, while as expected, the ERE (ESR1 JASPAR model) was strongest in the ERa TCDD set. Of the 110 regions in the intersect group, 57 contained an AHRE, 24 contained an ERE, but surprisingly only 10 regions contained both response elements. Since the AHRE was particularly overrepresented in the intersect set, we hypothesized that it was likely that AHR was contributing at least in part to the recruitment of ERa to regions in the intersect set.
AHR Modulates Recruitment of ERa to the Shared Regions
To test the hypothesis that AHR was influencing the recruitment of ERa to the regions in the intersect set, we used RNAi-mediated knockdown of AHR or ERa and determined the recruitment of each of these factors to a subset of regions in the intersect group as well as changes in mRNA expression levels. Following transfection of siRNA oligos into T-47D, we determined that 48-h post-transfection both AHR and ERa protein levels were undetectable and mRNA expression levels were reduced to 20% compared to controls (Figs. 5A and B) . Western blots of ERa levels after 1-h TCDD treatment showed that any reduction in recruitment levels of ERa were not due to TCDD-dependent proteolysis of ERa (Fig. 5B) . ChIP assays and RNA isolation were then done on siRNA-transfected T-47D cells exposed to 10nM TCDD for 1 and 6 h, respectively. As expected, knockdown of AHR or ERa reduced their respective recruitment to the genomic regions examined. AHR knockdown reduced the TCDDdependent recruitment of ERa to AHR_10 (CYP1B1), AHR_54 (ITPR1), and AHR_37 (CCNG2) compared to NTP controls (Fig. 6A ). All three of these genes have been reported to also be responsive to estrogen treatment (Kirkwood et al., 1997; Stossi et al., 2006; Tsuchiya et al., 2004) . Further studies completed in DCC-stripped serum confirmed the TCDDdependent recruitment of ERa to these regions ( Supplementary  Fig. 7 ). Knockdown of ERa had no effect on TCDD-dependent induction of ITPR1 and CCNG2 (Fig. 6B) but caused a significant reduction of TCDD-induced CYP1B1 (Fig. 6B ) mRNA levels. Knockdown of ERa also resulted in a significant reduction in TCDD-induced CYP1A1 mRNA (data not shown). Interestingly, knockdown of ERa resulted in increased basal mRNA levels of CCNG2 (Fig. 6B) . CCNG2 is negatively regulated by ERa, which may explain the increase in basal expression following ERa knockdown (Stossi et al., 2006) . As expected, the occupancy of ERa at all regions examined was significantly reduced in cells transfected with siERa compared to controls. AHR knockdown, however, had no effect on the recruitment of ERa to upstream regulatory regions for AHR_252 (GREB1), AHR_204 (ESR1), and AHR_18 (RERG), demonstrating that AHR exhibits region-specific modulation of ERa genomic binding profiles (Fig. 7A) . These three genes have been reported to be estrogen target genes (Castles et al., 1997; DeNardo et al., 2005; Finlin et al., 2001; Lin et al., 2004) , and ERa occupied these regions in the absence of TCDD, which may explain why AHR had no effect on the recruitment of ERa to these genes. TCDD increased the overlap of ERa and AHR to these genes through the recruitment of AHR to genomic sequences bound by ERa in the presence of DMSO. The recruitment of AHR was unaffected by knockdown of ERa for all regions examined with the following exceptions; TCDD-dependent recruitment of AHR to GREB1 (Fig. 7A) was decreased, while recruitment of AHR was increased at CYP1B1 (Fig. 6A) . These results indicate that ERa influences the AHR transcription in a promoter-and context-specific manner. These data also show not only that TCDD-mediated activation of AHR modulates the recruitment of ERa to a number of genomic regions in a gene-specific manner but also that AHR is recruited to many genomic regions regulated by ERa.
DISCUSSION
In this study, we used genome-wide but promoter focused human tiling arrays to identify regions bound only by AHR, ERa, or both in T-47D human breast cancer cells treated with TCDD. This analysis identified a number of novel TCDDresponsive genes that were directly regulated by AHR and revealed that TCDD increased the co-occupancy of ERa and AHR to many target regions. Our findings provide new insight into AHR signal transduction and increase our understanding of how AHR ligands modulate ERa action at the genomic level.
Our ChIP-chip analysis of TCDD-treated human breast cancer cells resulted in a number of important findings. AHR binding was detected at many known AHR-responsive genes, including CYP1A1 and CYP1B1, but several new AHR target genes were also identified. TFBS analysis revealed that an AHRE was enriched in the AHR TCDD -isolated regions, although it was only present in~30% of these regions using rather conservative thresholds in JASPAR. A recent study using ChIP combined with high-throughput southwestern chemistry-based enzymelinked immunosorbent assay to identify TCDD-dependent AHRbinding regions in mouse hepatoma Hepa-1c1c7 cells (Kinehara et al., 2008) isolated 77 sites with approximately half of them containing an AHRE. Collectively, these findings demonstrate that TCDD-activated AHR binds to promoter regions that do not necessarily contain an AHRE. Therefore, the co-occupancy of these receptors at target promoters may also be mediated through tethering to other transcription factors and not necessarily through direct binding to DNA.
AHR was recruited to genes whose expression was increased or decreased in response to TCDD, which is consistent with AHR serving either as an activator or repressor of transcription in a context-specific manner (Okey, 2007) . In a few cases, we observed AHR occupancy at genes that were not TCDD responsive (Supplementary Table 6 ). This implies that AHR binding was not the limiting factor for the regulation of these genes and suggests potential cell type-specific regulation. Similar findings have been reported for genome-wide glucocorticoid receptor binding in response to dexamethasone (So et al., 2007) and from a recent study examining a negative value means underrepresentation (coded red) and high values indicate overrepresentation (coded white). Z scores were translated into a color range from red to white. Rows (transcription factor binding patterns from JASPAR) and columns (ChIP regions as in Fig. 1A (Kinehara et al., 2008) .
Treatment with TCDD increased the overlapping genomic binding patterns of ERa and AHR, resulting in the identification of 110 regions or 27% of the AHR TCDD or 30% of the ERa TCDD regions. These large fractions are unlikely due to stringent cutoffs, but they also indicate that co-binding of AHR and ERa was not absolute. For example, there were ERa binding events where AHR played no major part in ERa recruitment. At these regions, co-occupancy was achieved by TCDD-induced recruitment of AHR to regions already bound by ERa.
AHR and ERa are known to regulate transcription through tethering to other transcription factors such as activating FIG. 6 . AHR is required for TCDD-dependent recruitment of ERa to a subset of co-occupied AHR and ERa target genes. (A) T-47D cells were transfected for 48 h with siRNA and then treated for 1 h with TCDD. ChIP assays were performed with the indicated antibodies, and the immunoprecipitated DNA was measured by quantitative PCR using primers targeting regions isolated in the ChIP-chip study. Quantification of binding was determined as a percent of input DNA and is expressed as the mean of three independent replicates. (B) Gene expression profiles were completed on T-47D cells transfected for 48 h with siRNA and then treated for 6 h with TCDD. RNA was isolated and reverse transcribed. mRNA expression was then determined using quantitative PCR. Data were normalized against time-matched DMSO and to ribosomal 18s levels. Each error bar represents the SE of the mean of three independent replicates. Asterisks indicate statistically significant differences (p < 0.05) compared to NTP treatment-matched samples. protein 1 (AP-1), stimulating protein 1 (Sp-1), and nuclear factor kappa B (Gillesby et al., 1997; Kobayashi et al., 1996; Paech et al., 1997; Saville et al., 2000; Tian et al., 1999; Zhou et al., 2005) . The binding of AHR to ER-regulated genes is an important mechanism by which AHR inhibits estrogenresponsive gene expression . It is thought to occur through direct competition for DNA binding with ERa at endogenous EREs, competition for DNA binding to GC-rich sites between AHR, AP-1 and/or Sp-1 transcription factors or AHR recruitment may interfere with the proper assembly of the preinitiation complex (Gillesby et al., 1997; Klinge et al., 1999; Wang et al., 2001) . However, the AHRE core pentanucleotide (GCGTG) located in the upstream regulatory region of estrogen-responsive genes has been reported to be critical for the AHR-mediated antiestrogenicity . In agreement with these findings, we observed an overrepresentation of AHREs in the intersect set (shared genomic regions between AHR and ERa). Moreover, TCDD induced the recruitment of AHR to an AHRE located in the upstream regulatory region of ESR1 and caused a slight decrease in ERa mRNA levels, revealing ESR1 to be a direct AHR target gene. This result supports studies in rodents where TCDD treatment reduced ERa mRNA expression in the liver, ovary, and uterus of treated mice (Tian et al., 1998) . AHR was also recruited to upstream regulatory regions of GREB1 and resulted in a slight reduction in GREB1 mRNA levels; however, an ERE but no AHREs were identified in this region. It is possible that AHR modulates ERa activity through distal regulatory regions of GREB1, which were not represented on our promoter focused array. Genome-wide analysis of ERa-binding sites revealed that ERa regulates GREB1 through distal enhancer elements 100 kb upstream of the start site (Carroll et al., 2006) . Recruitment of AHR to GREB1 but not to ESR1 was dependent on ERa expression, suggesting that for some genomic sequences ERa influences the recruitment of AHR to those regions.
The ChIP-chip assays described in the present study were done at only a single time point in one cell type using promoter focused microarrays limiting our analysis to the regions represented on the arrays. Emerging data indicate that complete genomic binding profiles for sequence-specific DNA-binding proteins cannot be obtained from one ChIP-chip experiment in a single cell line or tissue (John et al., 2008; Krum et al., 2008) . For example, ligand-dependent recruitment of ERa and AHR exhibit oscillatory recruitment to their target regions (Shang et al., 2000; Wihlen et al., 2009 ), which may not occur with the same kinetics for all ERa-and AHR-bound regions. Moreover, activation of AHR or ERa by different ligands that produce different receptor conformations of either receptor might produce a distinct set of receptor-bound regions from those FIG. 7. AHR is not necessary for ERa binding to a subset of co-occupied AHR and ERa target genes. (A) T-47D cells were transfected for 48 h with siRNA and then treated for 1 h with TCDD. ChIP assays were performed with the indicated antibodies, and the immunoprecipitated DNA was measured by quantitative PCR using primers targeting regions isolated in the ChIP-chip study. Quantification of binding was determined as a percent of input DNA and is expressed as the mean of three independent replicates. (B) Gene expression profiles were completed on T-47D cells transfected for 48 h with siRNA and then treated for 6 h with TCDD. RNA was isolated and reverse transcribed. mRNA expression was then determined using quantitative PCR. Data were normalized against time-matched DMSO and to ribosomal 18s levels. Each error bar represents the SE of the mean of three independent replicates. Asterisks indicate statistically significant differences (p < 0.05) compared to NTP treatment-matched samples.
DIOXIN INCREASES AHR AND ERA INTERACTION
263 identified in our study. We and others have shown that other AHR ligands induce recruitment of ERa to CYP1A1 and CYP1B1, but it is not clear whether these ligands influence the recruitment profiles of AHR or ERa at other AHR-responsive loci. The data presented herein and the recently reported ChIPchip analysis of AHR binding in Hepa1c1c7 mouse hepatoma cells (Sartor et al., 2009 ) will help to build a map of the genomic binding profiles of AHR and add to the existing map for ERa (Carroll et al., 2005 (Carroll et al., , 2006 Laganiere et al., 2005; Liu et al., 2008) . A more comprehensive genomic binding profile for either of these factors will require genome-wide and temporal analysis in a variety of cell types.
The molecular mechanism and physiological significance of the co-occupancy of AHR and ERa are unknown. TCDD does not directly bind to ERa nor does ERa interact with AHREs (Klinge et al., 1999) ; thus, the precise mechanism by which TCDD induces recruitment of ERa to AHR target genes remains elusive. We have previously suggested that the recruitment of ERa to AHR-regulated genes is a mechanism by which AHR inhibits ERa activity by diverting it away from estrogen target genes through facilitated recruitment to AHR target genes Matthews et al., 2005) . Alternatively, the recruitment of ERa to activated AHR might target ERa for AHR-mediated proteolytic degradation by an E3 ligase ubiquitination pathway and thus contributing to the well-documented inhibitory action of AHR on ERa activity Ohtake et al., 2007; Safe and Wormke, 2003) . However, expression-based microarray analysis has shown that AHRmediated inhibition of estrogen-regulated genes occurs at some but not all estrogen-responsive genes (Boverhof et al., 2008) . These findings coupled with the evidence presented here would argue against proteolytic degradation of ERa as the sole antiestrogenic activity of AHR since it would be expected to completely reduce estrogen activity but rather our results support a gene-specific inhibition of ER activity.
We observed that knockdown of ERa reduced the TCDDdependent induction of CYP1B1 and CYP1A1, whereas the TCDD-dependent regulation of other AHR target genes were unaffected. E2-dependent induction of CYP1A1 and CYP1B1 has also been observed (Frasor et al., 2004) , and ERa has recently been shown to be an important factor in the elongation of RNA polymerase II at the CYP1B1 promoter (Kininis et al., 2007) . In support of these findings, we observed reduced TCDD-mediated induction of CYP1B1 and CYP1A1 after siRNA-mediated knockdown of ERa. However, knockdown of AHR also significantly reduced recruitment of ERa to CYP1B1 in response to TCDD and AHR agonists strongly induce CYP1B1 expression in ERa-negative cell lines (Angus et al., 1999) . Thus, the role of ERa in CYP1B1 expression is influenced by cell type, culture conditions, and AHR expression levels. However, knockdown of ERa did not affect the TCDD-dependent induction of target gene expression at the other loci examined. These findings suggest that interpretation of AHR-ERa crosstalk from the analysis of CYP1A1 and CYP1B1 regulation is not representative of all AHR-regulated genes. These data also show that recruitment of ERa to AHRregulated target genes does not necessarily equate to changes in AHR-mediated transcription.
Collectively, our findings reveal not only that dioxin-type environmental contaminants modulate ERa-binding patterns at the genomic level but also show that ERa and AHR co-occupy several target genes in response to TCDD. It will be crucial to extend this analysis to nontumorogenic and other breast cancer cell lines, as well as appropriate transgenic mouse models and human breast cancer tissue samples to determine the physiological significance of this crosstalk at a genome-wide level.
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